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Prions can be amplified by serial pro-
tein misfolding cyclic amplification 

(sPMCA) from the milk of a high pro-
portion of apparently healthy, scrapie 
exposed sheep with PRNP genotypes not 
previously associated with high disease 
penetrance.1 These data strongly suggest 
the widespread presence of subclinical 
scrapie infections within scrapie-exposed 
flocks containing sheep with a range of 
susceptible PRNP genotypes. These data 
also lead to the hypothesis that similar 
subclinical disease states may be com-
mon for other animal and human prion 
diseases. Furthermore, the application 
of sPMCA to milk provides a method 
to detect such subclinical disease. Here, 
we describe the high level amplification 
of bovine spongiform encephalopathy 
(BSE) prions from both ovine and bovine 
origin, a methodology that will facili-
tate the detection of any prions secreted 
within bovine and ovine milk during 
subclinical and clinical BSE disease.

Serial protein misfolding cyclic amplifica-
tion (sPMCA) involves the amplification 
of minute quantities of PrPSc seeded into 
PrPC substrate using iterative rounds of 
sonication and incubation at 37°C, and 
offers exquisite sensitivity for the detection 
of prions. This technique was pioneered 
by Soto and colleagues2,3 and has been 
used to detect prions in both blood2 and 
brain material3 in the preclinical stages of 
rodent-scrapie. Importantly, this method-
ology has been applied to the high level 
amplification of PrPSc from natural hosts 
of prion diseases including human vari-
ant-Creutzfeldt-Jakob disease (vCJD),4 

cervine chronic wasting disease (CWD)5 
and ovine scrapie.6 Together, data sug-
gests that sPMCA has obvious applica-
tion to the monitoring of prions within 
subclinical disease. Recently, sPMCA was 
applied within our laboratory to detect 
PrPSc within ovine milk secreted from 
sheep incubating natural scrapie infec-
tions.1 We reported the presence of prions 
within milk of clinically normal sheep 
with a range of PRNP genotypes, AHQ/
VRQ (AV

136
HR

154
QQ

171
), ARQ/VRQ 

and ARR/VRQ. The AHQ/VRQ and 
ARR/VRQ PRNP genotypes are typically 
associated with relatively limited disease 
penetrance.7 This data strongly suggests 
the detection of subclinical disease in 
some of these animals and highlights the 
analysis of milk as a suitable matrix to 
measure subclinical prion diseases. Given 
that cervid CWD, human vCJD, and 
experimental ovine BSE display similar 
tissue tropism of PrPSc compared to ovine 
scrapie, it seems possible that an analo-
gous secretion mechanism occurs for these 
other prion diseases and that the sPMCA 
analysis of milk could facilitate the detec-
tion of subclinical disease states.

A subclinical state for prion diseases 
has been defined as the replication of 
prions that does not lead to clinical dis-
ease within the normal life span of the 
host.8 Where such a definition is applied 
to food chain animals such as cattle and 
sheep, the normal life span could be 
defined as the age at slaughter. The occur-
rence of subclinical scrapie in sheep has 
been described several times in the lit-
erature9-11 where the presence of subclini-
cal infections within a flock with a high 
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and bovine BSE could be amplified with 
similar efficiencies when spiked into 
unpasteurised whole milk and using five 
rounds of amplification (Fig. 1B). These 
amplifications were comparable with 
those for classical scrapie prions using an 
ovine PrPC substrate with a VRQ/VRQ 
PRNP genotype (Fig. 1). It should also 
be noted that the in vitro replication of 
BSE prions maintains the characteristic 
molecular phenotype of this prion strain 
(Fig. 1C). These data clearly demonstrate 
that sPMCA facilitates the high sensitivity 
detection of ovine BSE and bovine BSE 
prions and the method is applicable to the 
analysis of ruminant milk. This method 
could be used to determine whether BSE 
prions are secreted in ruminant milk and 
to monitor for subclinical BSE disease 
states within ruminants.

Bovine milk is an important component 
of the human diet as well as animal feeds. 
Given the BSE epidemic in the UK and 
the continuing occurrence of low numbers 
of BSE cases, if prions are secreted within 
bovine milk in a mechanism analogous to 
that found in subclinical and clinical scrapie 
it seems most probable that considerable 
numbers of people and ruminants have 
been exposed to the BSE agent through 
milk ingestion. Individuals would likely to 
be exposed to very low levels of prions but 
on numerous occasions. Descriptions of the 
effects of repeated challenge with a prion 
agent are very limited and provide contrast-
ing results. Diringer and co-workers used a 
hamster scrapie model and demonstrated 
that whilst the risk of disease was greater 
upon repeat oral exposure to low doses of 
prions, this was to a lesser extent than if the 
total cumulative dose was used in a single 
oral challenge.26,27 In contrast, Jacuemot 
and co-workers used a mouse scrapie model 
and an intraperitoneal route of inoculation 
and found that mice receiving repeated 
doses of low infectivity had much higher 
incidences of disease than mice injected 
once with the same cumulative dose.28 
The reasons for these contrasting results is 
unclear but may be contributed to by dif-
ferences in the prion strain, host factors, 
inoculum preparation, challenge sched-
ule and the route of inoculation. What is 
certain is that the pathogenesis of prion 
diseases resulting from repeated low dose 
exposure is poorly understood.

blot protocol was shown to improve assay 
sensitivity, and bioassay using mice over-
expressing murine PrP was 10–100-fold 
more sensitive still.17 Within a rodent 
model system, the latter was able to rou-
tinely demonstrate subclinical infections 
in mice challenged with low doses of 
inoculum, which were clinically normal 
and did not contain detectable PrPSc using 
the above immunological and histopatho-
logical techniques.17 Whilst highly sensi-
tive and specific, the routine application 
of mouse bioassay to monitor for subclini-
cal infections within ruminants would be 
impractical due to time and ethical con-
siderations. An obvious, alternative meth-
odology for the detection of subclinical 
prion infections in ruminants is provided 
by sPMCA which is at least as sensitive as 
mouse bioassay.21

Our previous study applying sPMCA to 
ovine milk demonstrated the potential of 
this methodology to screen for subclinical 
scrapie infections. This study also demon-
strated the secretion of prion in ovine milk 
irrespective of the immunological detec-
tion of PrPSc within the animal’s LRS. 
Furthermore, prion was also detected in 
milk from animals with ovine PRNP gen-
otypes not typically associated with LRS 
involvement in PrPSc replication, namely 
AHQ/VRQ and ARR/VRQ.22 Such lim-
ited LRS involvement in prion propaga-
tion is similar to that reported in bovine 
BSE; this data therefore indicates that an 
analogous secretion of low levels of prion 
within milk may occur with subclinical 
and clinical bovine BSE infections. To 
date, the PMCA methodology has allowed 
only a relatively modest 32-fold amplifica-
tion of bovine BSE.23 Here, we demon-
strate that both bovine and ovine BSE 
prions are readily amplified to high levels 
by sPMCA. This was achieved within 
both bovine brain homogenate and when 
using ovine PrPC from a sheep with an 
ARQ/ARQ PRNP genotype (Fig. 1A); an 
ovine genotype known to be favoured for 
BSE replication in vivo.24,25 Bovine BSE 
prions were routinely amplified 1,000-
fold in ovine brain homogenate substrate 
after four rounds of sPMCA (Fig. 1A). 
Amplification of ovine BSE prions within 
the same ovine substrate was achieved to 
300,000-fold after four rounds of sPMCA 
(Fig. 1A). Additionally, both ovine BSE 

proportion of scrapie-susceptible PRNP 
genotypes far outnumbered those animals 
with clinical disease. Similarly, subclinical 
BSE infections have been reported in cat-
tle12,13 where infectivity is detected within 
Peyer’s patches and tonsils and then later 
within the sciatic nerve and brainstem of 
apparently healthy cows.13 With respect 
to experimental models of prion diseases, 
several reports describe the presence of 
subclinical disease as a result of both 
between- and within-species transmis-
sions. The inoculation of mice with high 
doses of hamster scrapie prions has been 
shown to produce demonstrable replica-
tion of prions without the advent of clini-
cal disease.8,14 In addition, inoculation of 
rodents with low doses of rodent-adapted 
prion strains originating from ovine and 
human sources has been demonstrated to 
produce subclinical infections.15-18 Such 
studies have demonstrated the produc-
tion of subclinical infection following oral 
challenge and that the presentation of sub-
clinical, as opposed to clinical disease, is 
dictated by the levels of PrP within the host 
animal as well as the infectious dose.16 The 
advent of mice transgenic for the PRNP 
gene has yielded in vivo models to inves-
tigate the ability of different PrP proteins 
to sustain the replication of various prion 
strains. The use of mice transgenic for 
human PRNP sequences coding for either 
MM or MV at codon 129 demonstrated 
the common occurrence of subclinical 
infections as a result of inoculation with 
human vCJD or bovine BSE prions.19,20 
Overall, accumulating evidence indicates 
that subclinical prion infections may well 
be a common outcome after exposure to 
the prion agent.

In all instances, the ability to detect a 
subclinical prion disease will be depen-
dent upon the sensitivity of the method 
employed to detect either PrPSc or prion 
infectivity. Studies have compared the rel-
ative sensitivities of methodologies in this 
regard and have concluded that immu-
nohistochemistry and histopathological 
examination of the medulla oblongata as 
well as western blotting of cerebellar tissue 
provided similar sensitivities.9 Compared 
to these conventional western blotting 
and histopathological methods, the inclu-
sion of sodium phosphotungstic acid 
precipitation of PrPSc within the western 
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Evidence from previous epidemiologi-
cal and bioassay studies would suggest that 
any presence of BSE prions within bovine 
milk does not lead to efficient transmis-
sion of clinical disease.29,30 However, it 
cannot be discounted that prions are pres-
ent within bovine milk at levels too low 
to cause clinical disease. Also, as men-
tioned above, the exposure of animals to 
low levels of prions is one factor that can 
lead to subclinical disease states and fur-
thermore, it is unclear what effects repeat 
exposure with low dose inoculum may 
have on prion propagation and pathol-
ogy. Given the importance of milk to 
animal and human food chains, it seems 
of high importance to apply up to date 
high sensitivity methods such as sPMCA 
to determine whether prions are secreted 
within bovine milk and take advantage of 
this readily available biological matrix to 
study subclinical disease states for rumi-
nant prion diseases.

Figure 1. sPMCA analysis of ruminant prions. Serial 10-fold dilutions of 10% (w/v) brain homogenate from clinically affected sheep with either scrapie 
or BSE (A and B as indicated), or cattle with clinical BSE (A and B as indicated) were seeded into sPMCA reactions (seeds contained 1,000 to 0.0001 nl 
of 10% brain homogenate per gel lane as indicated; reactions containing no PrPSc seed are also shown). Serial PMCA substrates were 10% (w/v) brain 
homogenates from TSE-free bovine or ovine sources. The latter were animals with either VRQ/VRQ (V/V) or ARQ/ARQ (A/A) PRNP genotypes (as 
indicated). Each sample underwent either four (A) or five (B) rounds of sPMCA and products were digested with proteinase K before analysis of 10 
μl of each sample on western blots. PrP was detected with monoclonal antibodies SHA31 and P4 and molecular weight markers of 30 and 20 kDa are 
indicated. Brain homogenate seed were added directly into sPMCA reactions (A) or were first spiked 1 in 10 into unpasteurised whole milk (B). Milk 
has obtained from TSE-free animals and processed for sPMCA as described by Maddison and co-workers;1 all sPMCA reactions were also carried out 
as described previously.1 Bovine BSE was amplified and detected from 1 nl of brain homogenate seed and ovine BSE from 0.01 nl (lanes marked with an 
asterisk, A). The direct western blot analysis of 1 μl and 3 μl of the bovine BSE and ovine BSE 10% brain homogenates respectively produced detect-
able levels of PrPSc (data not shown) indicating amplifications of 1,000-fold and 300,000-fold for bovine BSE and ovine BSE respectively by sPMCA. Bo-
vine BSE amplified by sPMCA in bovine brain homogenate substrate (C, BSE-b) and ovine BSE amplified by sPMCA in ovine brain homogenate substrate 
(C, BSE-o) both produced PK-resistant PrPSc fragments that displayed lower molecular weights than analogous fragments produced with ovine scrapie 
amplified by sPMCA in ovine brain homogenate substrate (C, Sc-o).
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